A bacterial two-component signal transduction system, WalK/WalR, is essential to the cell viability of Gram-positive bacteria and is therefore a potential target for the development of a new class of antibiotics. We have solved the X-ray crystal structure of the DNAbinding domain of the response regulator WalR (WalRc) from a Gram-positive pathogen Staphylococcus aureus, currently causing serious problems in public health through the acquisition of multi-drug resistance. The structure contains a winged helix-turn-helix motif and closely resembles those of WalRs of Bacillus subtilis and Enterococcus faecalis, and also that of PhoB of Escherichia coli. Gel mobility shift assays with mutant WalRs revealed specific interactions of WalR with the target DNA, as elaborated by in silico modeling of the WalRc-DNA complex.
Bacteria can adapt to physical, chemical, and biological stress from the exterior and thereby survive in various environments. This adaptation process is mainly governed by the two-component signal transduction system (TCS), which consists of a trans-membrane sensor histidine kinase (HK) and a cytosolic response regulator (RR). [1] [2] [3] TCS is one of the major bacterial signal transduction systems, together with the quorum sensing system. 4) In a typical TCS, an HK senses an exterior signal, transduces it inside the cell across the membrane, and finally autophosphorylates its conserved histidine residue. [1] [2] [3] Inside the cell, the phosphoryl group is transferred to the conserved aspartic acid residue of the cognate RR. 1, 2, 5) The majority of RRs act as DNA-binding transcriptional regulators in a phosphorylation-dependent manner and control the expression of the genes involved in adaptation to the initial environmental changes.
In general, TCSs are not essential for the viability or growth of bacteria, since most environmental signals are transitory. 6) However, it has been found that several TCSs, such as WalK/WalR, [6] [7] [8] [9] YhcS/YhcR81, 10) HP165/HP166, 11) and MtrB/MtrA, 12) are essential to cell viability. While most conventional antibiotics, such as ampicillin and kanamycin, target fundamental cell functions (viz., cell wall and protein biosyntheses), a new class of antibiotics can be developed by targeting those TCSs that regulate cell viability at an upstream level. 13) These compounds are expected to exhibit new antibacterial effects even on pathogens resistant to conventional antibiotics. We focused on the TCS, consisting of an HK designated WalK and its cognate RR designated WalR, which are highly conserved among Gram-positive bacteria having a low GC content, including Staphylococcus aureus, Bacillus subtilis, Streptococcus pneumoniae, Streptococcus mutans, Streptococcus pyogenes, Listeria monocytogenes, and Enterococcus faecalis. 6) Various names were initially given to the WalK/WalR system, e.g., YycG/YycF, VicK/VicR, and MicA/MicB, due mainly to the ambiguity of their functions. However, recent studies of WalR-controlled genes [6] [7] [8] [9] 14, 15) and the phenotypes of gene-starved strains 9, 16) have revealed that this TCS has a common function, regulating cell-wall biosynthesis and turnover. These findings led to a unified name, WalK/WalR. 16) Several inhibitors of WalK have been developed that show an antibacterial effect on Grampositive bacteria. 17) Nevertheless, most compounds lack selectivity to WalK and possess side-reactivity such as membrane damaging activity. Therefore, to improve drug selectivity, we have developed two novel methods to screen specific inhibitors targeting WalK/WalR. 18, 19) By these methods, we have isolated novel antibiotics, walrycins A and B, targeting WalR, from two chemical libraries, 20) and walkmycin B, also targeting WalK, from a methanol extract of a soil bacterium. 21) Several experiments provided evidence of the direct and specific action of these inhibitors on WalR and WalK. 20, 21) It is noteworthy that these compounds showed bactericidal effects on methicillin-resistant S. aureus (MRSA), consistently with the concept of novel antibiotics specific to y To whom correspondence should be addressed. Toshihide OKAJIMA, Fax: +81-6-6879-8464; E-mail: tokajima@sanken.osaka-u.ac.jp; Ryutaro UTSUMI, Fax: +81-742-43-7306; E-mail: utsumi@nara.kindai.ac.jp Abbreviations: DTT, dithiothreitol; HK, histidine kinase; PCR, polymerase chain reaction; PlytM, promoter region of lytM; r.m.s.d., root mean square deviation; RR, response regulator; TCS, two-component signal transduction system; WalRn, regulatory domain of WalR; WalRc, DNA-binding domain of WalR the essential TCS. 13) Qin et al. have isolated different WalK-specific inhibitors, thiazolidinone and benzamide analogs, by structure-based virtual screening from a small molecular lead-compound library. 22) These compounds exhibit bactericidal effects on both planktonic and biofilm cells of Staphylococcus epidermidis without cytotoxic or hemolytic activities.
WalR belongs to the OmpR/PhoB subfamily of RRs. Structural comparison has shown that WalR is composed of regulatory and effector domains connected by a flexible linker. 5) The X-ray crystal structures of the N-terminal WalR regulatory domains (WalRn) have been determined for Streptococcus pneumoniae 23) and Bacillus subtilis (PDB entry code, 2ZWM; A. Doi, et al. unpublished data). WalRn consists of a doubly-wound five-stranded / fold conserved in most RRs. An invariant aspartic acid residue (Asp53 in S. aureus WalR) in a shallow pocket is the phosphorylation site receiving the signal from the cognate HK. The crystal structures of the C-terminal WalR DNA-binding domains (WalRc) have also been determined for E. faecalis 24) and B. subtilis, 25) indicating that WalRc is composed of a winged helix-turn-helix motif that is involved in DNA binding. 5, 26) It is assumed that two molecules of WalRc are bound in tandem to a specific direct repeat of the target promoter. 24, 25) A DNA recognition mechanism has been proposed by comparison with the DNA complex structure of PhoB of E. coli, a WalR-homologous RR (PDB entry, 1GXP), 26) but the details of the interaction between WalR and the target DNA remain to be experimentally examined, e.g., by site-directed mutagenesis. Moreover, the X-ray crystal structure of the functional domain is prerequisite for the structure-based design of novel drugs targeting the WalR of another Gram-positive pathogen, S. aureus, which has become a major threat to public health through the acquisition of multi-drug resistance. 16) In the present study, we solved the X-ray crystal structure of WalRc of S. aureus. The WalRc-DNA complex was modeled in silico on the basis of the X-ray crystal structure of PhoB of E. coli complexed with its target DNA. The specific interactions of WalR with the target DNA were investigated by gel mobility shift assay of the mutant proteins prepared by site-directed mutagenesis.
Materials and Methods
Materials. All restriction enzymes and Ex Taq DNA polymerase were purchased from Takara Bio (Shiga, Japan). Oligonucleotides were from Sigma-Aldrich (St. Louis, MO). All other chemicals were of the highest grade commercially available and were used without purification.
Protein expression and purification. A DNA fragment coding for the DNA-binding domain (amino acid residues 122-233, WalRc) of WalR of S. aureus strain 209P was amplified by PCR with template plasmid pYycFSa 27) and a pair of oligonucleotide primers, SaYycF-C-F and SaYycF-C-R ( Table 1 ). The amplified fragments were cloned into pET21-a (þ) vector (Novagen, San Diego, CA) via the NdeI and XhoI sites and sequenced, giving an expression plasmid, pET-SaFC. Recombinant WalRc was overproduced in E. coli BL21(DE3) carrying pET-SaFC, as a C-terminally His 6 -tagged protein. The cell-free lysate in buffer A (50 mM Tris-HCl, pH 8.0, 100 mM sodium chloride) was applied to Ni-NTA agarose beads (Qiagen, Valencia, CA). After vigorous washing with buffer A, the proteins were eluted with a stepwise gradient of 40, 100, 200, and 500 mM imidazole in buffer A. The fractions eluted by buffer A containing 100 and 200 mM imidazole were collected. After dialysis against 5 mM sodium phosphate buffer, pH 7.0, containing 0.1 mM EDTA and 0.1 mM DTT, the His 6 -tagged WalRc protein was concentrated to 10 mg/ml and stored at À80 C until use.
Crystallography. The crystallization conditions of WalRc were first surveyed by the sitting-drop vapor diffusion method using sparse matrix screening kits (Hampton Research, Aliso Viejo, CA) with a 96well plate having 3 drop positions (Greiner Bio-One, Frickenhausen, Germany). The conditions that afforded small crystals were further optimized by the hanging-drop vapor diffusion method with a 24-well Linbro plate (MP Biomedicals, Solon, OH). Diffraction-quality, monoclinic-shape crystals of WalRc were grown at 20 C for 1 month in 0.1 M HEPES, pH 7.5, 25% PEG3350, and 0.2 M ammonium acetate. After 1-d soaking of the crystals in the same solution containing 30% glycerol as cryoprotectant, diffraction data sets were collected at 100 K with synchrotron X-radiation at SPring-8 (Hyogo, Japan) using imaging plate DIP6040 (Bruker AXS) in beam-line station BL44XU ( ¼ 0:9 Å ). The collected data were processed, merged, and scaled using MOSFLM 28) and SCALA. 29) The details and statistics of the data collection are summarized in Table 2 . The structures were solved by molecular replacement with a program Phaser 30) using the coordinates of the DNA-binding domain of WalR of B. subtilis (PDB entry, 2D1V) 25) as a search model. Refinements were performed with CNS 31) and REFMAC, 32) and manual model building was done with COOT. 33) The details and statistics of crystallographic refinement are also summarized in Table 2 . The atomic coordinates and structure factors of WalRc have been deposited in the Protein Data Bank under accession code 2ZXJ. The figures for the protein structures were generated with program PyMol (Schrödinger, New York, NY).
Building of a model of the WalRc-DNA complex.
A model of the structure of two WalRc molecules bound in tandem to the direct repeat of DNA was constructed using commercially available software, MOE (CCG, Montreal, Canada). Two WalRc molecules were placed on the PhoB target DNA by superimposing them on two polypeptide chains of the PhoB-DNA complex structure (PDB entry, 1GXP). Initial steric clashes of the resulting WalRc models with any part of the DNA were avoided by manual re-modeling, and energy minimization calculation was then performed for the model.
Site-directed mutagenesis. Site-directed mutagenesis of the fulllength WalR was done using a QuikChange site-directed mutagenesis kit (Stratagene, Cedar Creek, TX) with a sense primer and an antisense 
a Introduced restriction sites are shown in bold characters and mutated nucleotides are underlined.
primer (Table 1) containing mismatching bases, and plasmid pET-SaFC encoding the full-length wild-type (WT) protein as template. The His 6 -tagged mutant WalRs were expressed and purified by the same procedure basically as that for WT WalRc.
Gel mobility shift assays. A DNA fragment corresponding to the promoter region of lytM (PlytM) of S. aureus N315 was amplified by PCR with Ex Taq DNA polymerase (Takara Bio, Otsu, Japan) and its genomic DNA as template. The amplified region corresponded to À326 to þ61 with respect to the first A of the translation initiation codon of lytM. The sequences of the primers, lytM-F and lytM-R, 9) used in amplification are listed in Table 1 . Prior to PCR only the latter primer was 5 0 -labeled with [-32 P]-ATP to prepare the radio-labeled probe. The resulting PCR product, 32 P-labeled PlytM, was gel-purified.
Binding reactions were performed by incubating 32 P-labeled PlytM with and without purified His 6 -tagged WalR at 37 C for 10 min in 10 ml of 50mM Tris-HCl, pH 8.0, containing 50 mM NaCl, 3 mM magnesium acetate, 0.1 mM EDTA, and 0.1 mM DTT (WalR at a series of final concentrations of 0, 6.25, 12.5, 25, and 50 mM was prepared). The reaction mixtures were immediately subjected to polyacrylamide gel electrophoresis using a 6% non-denaturing gel. Radioactive bands were detected with a fluorescent-image analyzer FLA-7000 (Fuji Photo Film, Tokyo, Japan).
Results and Discussion
Overall structure The crystal structure of WalRc was solved at 1.87-Å resolution. The asymmetric unit contained two polypeptide chains that were related by a non-crystallographic axis of two-fold symmetry (Fig. 1A) . The 2F o À F c and omit maps of the electron densities of the N-terminal 11 residues and C-terminal 9 residues including His 6 -tag residues were unclear and insufficient for constructing the model. Thus, the finally determined structure of each WalRc molecule contained 100 amino acid residues (Gln133-His232). The two chains had essentially identical structures with an r.m.s.d. of 0.37 Å for the CA atoms. The WalRc structure consisted of a fourstranded antiparallel -sheet platform (1-4), a bundle of three -helices (1-3), and a -hairpin (5-6) ( Fig. 1A) . A 3 10 -helix-like conformation 34) was found in the turn between strands 2 and 3 (Pro144-Ala146). Three helices (1-3) formed a right-handed helical bundle and made up a winged helix-turn-helix motif with the C-terminal -hairpin ( Fig. 1A) , involved in DNA binding. 26) The overall structure of WalRc of S. aureus closely resembles that of the DNA-binding domains of WalR of E. faecalis (2HWV), 24) B. subtilis (2D1V), 25) and PhoB of E. coli (1GXQ), 26) with r.m.s.d. values of 1.1, 0.52, and 1.3 Å for CA atoms, respectively (Fig. 1B) . Among the minor differences found in the three WalRc structures, the 3 10 -helix-like conformation between strands 2 and 3 was seen only in the S. aureus WalRc structure. Also, the conformation of loop 2-3 of WalRc of E. faecalis, known as the transactivation loop in PhoB, was distinct of those of S. aureus and B. subtilis, although careful examination of the crystal packing indicates that loop 2-3 does not contact with the adjacent polypeptide chains in the crystal lattice. Compared with the DNA-binding domain of PhoB, there was also no substantial difference in the main chain traces of WalR, even though the sequence identity between WalR and PhoB was relatively low (32-36% for the DNAbinding domain, 38-41% for the entire sequence). Helix 3, known as the DNA-recognition helix bound to the major groove of the target DNA (see Fig. 3 ), showed high sequence identity, probably reflecting the fact that PhoB and WalR recognized a similar DNA sequence. 24, 25) Indeed, the potential consensus DNArecognition sequences in the B. subtilis 14) and S. aureus 9) WalRs, consisting of two hexanucleotide direct repeats separated by five nucleotides [5 0 -TGT(A/T)A(A/T/C)-N5-TGT(A/T)A(A/T/C)-3 0 ], share similarity to that of PhoB [5 0 -TGTCA-N6-TGTCA-3 0 ]. 26) Furthermore, we have found that heterologously expressed WalR of B. subtilis competes with endogenous PhoB for binding to the PhoB-target promoter in E. coli. 25) However, it should be noted that the conformation of loop 3-5 of S. aureus WalRc following the helix-turn-helix motif (2-3) is different from that of the corresponding region of PhoB (Fig. 1B) , as reported previously for the WalRs of E. faecalis 24) and B. subtilis. 25) Alignment of the amino acid sequences indicates that this region of WalR has a putative consensus sequence ('PS(H/R)P') 25) (Fig. 2) , which is conserved not only in the WalRs of S. aureus, B. subtilis, and E. faecalis, but also in those of several other Gram-positive pathogenic bacteria, including S. pneumoniae, Streptococcus mutans, Streptococcus pyogenes, and Listeria monocytogenes. The consensus sequence is not present in the corresponding region of PhoB (Fig. 2) . Previous studies have indicated that the loop 3-5 regions of WalR of B. subtilis 25) and E. faecalis 24) are close to the DNA in the complex model, suggesting a unique role in DNA recognition and/or binding. To elaborate on this interaction, a DNA complex model of WalRc was constructed with the coordinates of S. aureus WalRc as described in the following section.
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Interactions with target DNA
In the model of two WalRc molecules of S. aureus complexed with the target DNA, each WalRc molecule was bound to phosphate groups of the DNA mainly through the positively charged helix 3, which fit the major groove of the target DNA (Fig. 3A) . We have reported that conserved residues (Thr197, Val200, and Arg204) in the helix 3 of WalR of B. subtilis (Fig. 2) are involved in the specific recognition of DNA bases. 25) Close contact of the corresponding residues with the base moiety of the target DNA was also observed in the model of S. aureus WalRc. In addition, Arg161 in helix 1 and Arg179, Arg196, and Arg203 in helix 3 interact with the base and/or phosphate moieties of DNA in the major groove, and Arg223 in loop 5-6 with those in the minor groove ( Fig. 3B and C) . Obviously, the positive charges of these Arg residues contribute to the binding of negatively charged DNA. The loop 3-5 region was found to contact the DNA as well. In the middle of this loop, the consensus PS(H/R)P sequence containing a positively charged residue (His or Arg) is conserved in many bacteria, as shown in Figs. 2 and 3A and B. It is likely that the positively charged side chain interacts directly with the phosphate moiety of the target DNA. However, in the initially constructed model, the side chain of His215 is located far ($7.1 Å ) from the phosphate moiety, and the loop is in contact with neither the other regions of the protein nor the DNA (Fig. 3B) . Presumably, a conformational change in the loop is induced on DNA binding, so that the side chain of His215 becomes able to interact with the phosphate moiety of DNA.
To confirm this, the distance between the His215 NE2 atom and the closest O1P atom of DNA in the sense strand was restricted to converge at 2.8 Å , and only loop Residues distinct from those of S. aureus WalR are shown in gray. Secondary structural elements assigned from the WalRc crystal structure are shown schematically above the sequences. Residues subjected to site-directed mutagenesis are indicated by asterisks. The conserved region in loop 3-5 is blocked by a rectangle. Arrows represent the residues constituting the cavity predicted for the potential binding site of antibiotics (see Fig. 5 ).
3-5 was allowed to move in the first energy minimization of the complex. After the loop took a conformation at a minimum energy level, the distance restriction was eliminated, and the energy minimization was again performed to avoid structural distortion. In the refined complex model (Fig. 3B, gray) , essentially no significant changes were detected for most atom positions. A significant conformational change was observed only in the region of Ser214-Pro216, the side chain of His215 moving close to the phosphate moiety of DNA at 2.8 Å (Fig. 3B) , a distance that allows electrostatic interaction. Moreover, the side chains of Ser214 and Asp212 in the loop were hydrogen-bonding with each other. The two adjacent Pro residues, Pro213 and Pro216, showed no direct contact with the target DNA, but might be important in maintaining loop conformation by the rigid constraint imposed on the N-CA bond of the main chain ( Figs. 2 and 3B ). 34) These findings suggest that loop 3-5 undergoes a conformational change on DNA binding, and that the side chain of His215 interacts with the phosphate group of the target DNA. In fact, a temperature-sensitive mutant of B. subtilis has been reported to have a His215-to-Pro mutation of WalR, and the isolated mutant WalR showed decreased binding ability to the target DNA. 35) The average temperature factors or B-values, as determined crystallographically for the atoms constituting loop 3-5, were 30.6 and 34.5 Å 2 for chains A and B, respectively. These values are comparable to that (31.9 Å 2 ) determined for all the atoms in the whole protein dimer. Thus the conformational flexibility of loop 3-5 was not correlated with the thermal fluctuations of the constituent atoms. Presumably, loop 3-5 changes its conformation readily through main-chain bond rotation of residues from Ser214 to Pro216 with a relatively stable loop structure before DNA binding.
Binding ability of mutant WalRs to the target DNA
To evaluate experimentally the refined DNA complex model, Arg161 in helix 1, Arg179 in helix 2, Arg196 and Arg203 in helix 3, and Arg223 in loop 5-6 were site-specifically mutated into Ala (designated R161A, R179A, R196A, R203A, and R223A respectively, for mutant WalRs) ( Fig. 2) . These Arg residues are in close contact with the target DNA in the DNA-complex model (Fig. 3A, B, and C) , and hence they are expected to contribute to the recognition and/or direct binding of DNA through their side-chain positive charges. Except for Arg179, conserved only in WalRs, these Arg residues were conserved in both WalR and PhoB (Fig. 2) . The binding abilities of the mutant proteins to the target DNA (PlytM) were measured by gel mobility shift assays. Specific interaction of WalR with PlytM has been found in DNA footprint assay. 9) When incubated with 6.25 mM wild-type (WT) WalR, smeared band shifts of a small amount of the 32 P-labeled PlytM probe were observed on polyacrylamide gel electrophoresis ( Fig. 4A ). Two bands seen at high molecular weight positions probably represented the binding of one and two WalR dimers to the target DNA for the lower and upper bands respectively; there may be two potential promoter regions in the lytM gene (PlytM) of S. aureus N315. With WT WalR at above 25 mM, probe migration was completely retarded at high molecular weight positions, indicating that most probes were bound to WalR. In contrast, all five Arg-to-Ala mutant WalRs showed very poor binding ability to the PlytM probe without any band shifts at concentrations of 6.25 and 12.5 mM (Fig. 4A) . The residual DNA-binding abilities in terms of the band shifts of the probe were dependent on the introduced mutations. With the R203A mutant, smeared band shifts of the probe were detected at 25 mM mutant protein, and about half of the probe remained at high molecular weight positions at 50 mM (Fig. 4A ). With the R161A and R223A mutants, protein concentrations of at least 50 mM were required to give smeared band shifts of the probe (Fig. 4A ). With the R179A and R196A mutants, no band shift was observed even at 50 mM (Fig. 4A) , indicating the necessity of them for DNA binding. These results indicate that these Arg residues are involved in direct or indirect interaction with the promoter DNA, probably electrostatically through the positive charges of their side chains, as described above for the model of the WalRc-DNA complex (Fig. 3A) .
The three residues (Pro213, Ser214, and His215) contained in loop 3-5 were also mutated into Ala to evaluate the interaction of the loop region with the DNA (the mutants were designated P213A, S214A, and H215A respectively) ( Fig. 3B ). As shown in Fig. 4B , smeared band shifts of the probe began to be observed with the P213A and S214A mutants at 12.5-25 mM, but only slightly with the H215A mutant even at 50 mM. This suggests a role of His215 in DNA binding more critical than Pro213 and Ser214, although the latter two residues also appeared to take part in DNA binding to a certain extent. As discussed above with reference to the refined complex model (Fig. 3A, B, and C) , the positive charge of the His215 side chain is most likely involved in the interaction with the phosphate moiety of the bound DNA. Probably, Pro213 and Ser214 play indirect conformational roles, retaining weak DNA-binding abilities even when mutated into Ala (Fig. 4B) . It is noteworthy that the corresponding loop of OmpR of E. coli, which is involved in a different TCS, has the same conformation as loop 3-5 of WalRc of S. aureus, B. subtilis, 25) and E. faecalis, 24) and contains His and Pro residues in a similar consensus sequence (PAHP), 36) suggesting that the two residues play the same role in the OmpR-DNA complex.
Potential antibiotic-target site in WalRs
Several recent studies have indicated that both WalK and WalR are good targets for novel classes of antibiotics. 13, 20, 21) Particularly, there are multiple potential inhibitor-binding sites on the protein surface of WalK in view of the fact that WalK is a large multi-domain protein (70 kDa) interacting with many intracellular proteins and ligands including WalR and ATP, which are essential for cell viability. 6) However, bactericidal effects derived from the WalK inhibition might be diluted due to crosstalk between the WalK/WalR system and other TCSs in B. subtilis, 37) and also to the connection of various TCSs through common lowmolecular-weight phosphate donors and acceptors. 38) In contrast, more efficient inhibitors are expected to be developed for WalR, which is phosphorylated in both a WalK-dependent and an independent manner, the inhibition of which would not result in dilution of the bactericidal effects. 13) This is well supported by the fact that WalK, but not its cognate WalR, is occasionally non-essential in certain Gram-positive bacteria, including Streptococcus species. 39) Using the three crystal structures of WalRc of B. subtilis, S. aureus, and E. faecalis determined so far, a common cavity surrounded by functionally important, conserved residues was surveyed in silico with a software package, Molegro Virtual Docker (Molegro, Arahus, Denmark). Such a cavity may be a potential target site for antibiotics commonly effective against several Gram-positive bacteria. The cavity found in WalRc of S. aureus is close to helix 3 and loop 3-5 and is surrounded by Asp199, Ile202, Arg203, Arg206, Glu207, Pro213, Ser214, Pro216, and Tyr227 (Fig. 5) , some of which are highly conserved among major Gram-positive pathogens (Figs. 2 and 3B) , and cannot be replaced by Ala without losing DNA-binding abilities ( Fig. 4A and B ). Nearly identical cavities were also found in the WalRc structures of B. subtilis and E. faecalis (not shown). Hence, to develop novel antibiotics, we are currently conducting virtual screening of the compounds that are bound to this common cavity using chemical libraries. It is expected that pathogenic bacteria cannot easily become resistant to such antibiotics by spontaneous mutation of the residues essential for cell viability. 
